INTRODUCTION
According to the most recent classification of Gentianaceae (Struwe et al., 2002) , subtribe Swertiinae of the Gentianeae includes 14 genera representing over 500 species distributed across all continents, mainly in temperate, alpine or boreal habitats. Gentianella Moench (c. 250 spp.) and Swertia L. (c. 138 spp.) are the most speciose genera and they include species representing a high level of morphological heterogeneity as attested by the numerous segregates proposed for these genera (summarized in Chassot et al., 2001; Hagen & Kadereit, 2001) . Furthermore, recent molecular phylogenetic surveys (Chassot et al., 2001; Hagen & Kadereit, 2001 Chassot et al., unpubl. data) have revealed non-monophyly for Gentianella, Jaeschkea, Lomatogonium and Swertia, particularly pronounced in the latter genus. It was shown that Swertia in its traditional circumscription is best regarded as a strongly paraphyletic base group from which several morphologically highly derived genera have evolved. It was also shown that floral gross morphological characters such as shape of nectaries and their appendages, presence or absence of a corolla tube, stylar and staminal traits, etc., which are traditionally used in the taxonomy of Swertiinae, are highly homoplastic and thus often unreliable for the definition of lineages. Therefore, many relationships identified by molecular surveys were not supported by morphology.
Particularly problematic was the morphological characterization of at least 14 lineages of the polymorphic genus Swertia, although they are sometimes in agreement with the 32 very narrow groups based on gross morphology established by Shah (1990 Shah ( , 1992 . The only subdivision of Shah that turned out to be of no use was his distinction between two annual/ biennial and perennial subgenera. Nevertheless, synapomorphies confined to the many Swertia sublineages as defined by the molecular phylogeny are just as rare as for other generic relationships within Swertiinae.
Also, chromosome numbers in the Swertiinae are not very useful for the characterization of major lineages, except for the distinction between a basal grade composed of Bartonia Muhl., Frasera Walter, Gentianopsis Ma, Halenia Borkh., Latouchea Franch., Megacodon (Hemsl.) Harry Sm., Obolaria L., Pterygocalyx Maxim., Veratrilla Baill. and some lineages of Swertia, and a more derived clade including Comastoma Toyokuni, at least two lineages of Gentianella s.l., Jaeschkea Kurz, Lomatogonium A. Braun (including Lomatogoniopsis T. N. Ho and S. W. Liu) and again several lineages of Swertia (Chassot et al., unpubl. data) . Within each of these broad groups, however, chromosome numbers are identical or largely overlapping between lineages, precluding their use for more detailed characterization of these lineages.
The pollen morphology of the Gentianaceae (pollen is 3-colporate throughout the family; Nilsson, 2002b) traditionally is rather well documented (starting with Gilg, 1895) and has also made significant contributions to long-standing taxonomic and phylogenetic problems in the Swertiinae. For example, Liu & Ho (1992) complemented the investigations of Nilsson (1964) on Lomatogonium and used some pollen features in their sectional classification of the genus. In a broad palynological survey of Gentianeae based on light microscopical observations, Nilsson (1967) , presented evidence for the pollen morphological distinctness of debated taxa such as Comastoma, Gentianopsis and Megacodon, that were recently shown to be entirely justified by molecular phylogenetic studies (Yuan & Küpfer, 1995; Struwe et al., 1998; Chassot et al., 2001; Struwe et al., 2002) . The inclusion of the mycotrophic genera Bartonia and Obolaria in the Swertiinae based on DNA sequence data (Struwe et al., 2002) also finds some palynological support (Nilsson, Hellbom & Smolenski, 2002 ; but see Gilg, 1895) .
For the genus Swertia, Nilsson (1967) noted that the species of his limited sample were pollenmorphologically heterogeneous, but he considered that a better taxonomic understanding of the genus was necessary before drawing further conclusions. On a regional scale, two main pollen morphological groups based on the presence or absence of spinules were recognized in African species of Swertia (Hedberg, 1957; Jonsson, 1973; Nemomissa, 1994) , that agreed well with other morphological and karyological characters (smooth vs. spinose seed coat; 2n = 20 or 26) and the division in two unrelated groups based on molecular data Chassot et al., unpubl. data) . Complete references to the older literature on pollen morphology of the Swertiinae may be found in Nilsson (2002a) .
Following the recent detailed molecular phylogenetic surveys of subtribe Swertiinae and the extensive morphological, biogeographical and taxonomic reviews of the genus Swertia (Ho, Liu & Wu, 1988; Shah, 1990 Shah, , 1992 Ho, Xue & Wang, 1994; Nemomissa, 1994) , it appeared timely to complement the pollen data available for Swertiinae, to reinterpret pollen morphological variation in this new context and, most importantly, to find further support for the seemingly heterogenous groups and clades so far mainly defined by molecular markers. A secondary goal of our sampling was to find additional evidence for the placement of Swertia lineages in the Swertiinae, but we did not attempt to score small-scale variation within morphologically well-defined genera.
MATERIAL AND METHODS
Our taxon sample included 73 species of most genera of the Swertiinae (sensu Struwe et al., 2002) , except for Megacodon and Veratrilla, which have already been extensively documented by Nilsson (2002a) . All voucher specimens are listed in Table 1 . We put special emphasis on the taxa occupying an unexpected position in molecular phylogenies and sampled as much of the known independent lineages of Swertia as possible. For the latter genus, representative species of all but nine of the 32 morphological groups defined by Shah (1990 Shah ( , 1992 were investigated. These groups proved to be rather narrow but mostly well defined when compared with molecular phylogenetic results Chassot et al. unpublished data) . We regard our sampling as reasonably complete for Swertia because five of the nine groups not sampled represent African species that have been studied extensively already (Jonsson, 1973) and can be reliably placed in the phylogeny, whereas the remaining four (Asian) groups are monospecific and thus are not likely to represent an important part of the pollen variation in this genus.
Pollen grains of Latouchea and most species of Frasera were analysed by S. Nilsson in the palynological laboratory at the Swedish Museum of Natural History. The pictures are as yet unpublished and are used here with permission. Pollen of the genera To compensate for this, we defined six general size classes. These were calculated as the sum of the lengths of both axes and are defined as follows: class 1 sum of lengths < 40 mm, class 2 = 40-49 mm, class 3 = 50-59 mm, class 4 = 60-69 mm, class 5 = 70-79 mm, class 6 Ն 80 mm. To describe exine structures and other patterns, we use the terms defined by Halbritter et al. (2007) . The phylogeny that we use to evaluate the evolution of exine structures was simplified and generalized from a large analysis of the Swertiinae based on five chloroplast genes (Chassot et al., unpubl. data) . There are only two contradictions to the most comprehensive molecular study published to date . First, Bartonia is not part of the most basal lineages but here is sister to Swertia tashiroi. Second, Gentianella arenaria is close to most other binectariate species of the genus. Both contradicting findings were not well supported in the previous study and the latter finding makes good sense from a morphological point of view. Several branches are better resolved here. This includes the branching order of the basal taxa, the sampling of more species from Swertia and Lomatogonium and higher resolution within the sublineages of both genera. The other branches used here were similarly resolved in the previous study and the branches in and around Halenia were simplified from Hagen & Kadereit (2003) . It should be noted that most lineages of Swertia used here comprise several to many species following the molecular phylogeny or because this is obvious from morphological variation (Shah, 1990 (Shah, , 1992 .
RESULTS
Most of our sampling was entirely new, but, when previous descriptions of exine patterns were available from the literature, our observations were usually in good agreement unless noted otherwise in the discussion. Pollen photographs of all species (usually three per species: equatorial view, polar view, high magnification) will be deposited in a public palynological database (http://www.paldat.org) as soon as it is open for public access (probably during 2008) or they are available on request from KBH. In this paper, we have documented less than half of the species analysed as photographs of the equatorial axis and sometimes added a partial close-up of the exine (see Figs 1-4) .
Shape, size and descriptions of the exine ornamentation of all pollen samples investigated are given in Table 2 . As expected, most species had monads; however, pollen of Swertia piloglandulosa and Swertia macrosperma usually came in small groups (a maximum of four) in varying stages of disintegration. These might have been from immature anthers, but there is also a chance that they are easily disintegrating tetrads. Minimum and maximum pollen size was found in Bartonia virginica and Gentianella moorcroftiana (13 ¥ 6 and 53 ¥ 49 mm, respectively). The number of sampled taxa contained in the size classes 1-6 were: 2, 15, 18, 26, 6, 7. Pollen of similar size was typically found in related species, but there were also very many exceptions (see Fig. 5 ). Therefore, pollen size variation alone was not useful as an unambigous synapomorphy for clades, possibly with the exception of the very small pollen grains found in Latouchea and Obolaria. Pollen shape mostly ranged from suboblate to subprolate. The prolate shape found in several taxa (Jonsson, 1973; Liu & Ho, 1992; Nilsson, 2002a ). The phylogeny is based on ample yet unpublished chloroplast (cp) DNA data (Chassot et al., unpubl. data) . It is better resolved and largely congruent with trees from previous studies based on nuclear internal transcribed spacers (ITS) and much fewer cp data (Chassot et al., 2001; ; see text for details). All branches are well supported (bootstrap > 70%) except when marked otherwise.
might often be artifactual because the pollen was dry and not expanded. The only pollen shape that was reliably and significantly different from others was found in Halenia corniculata, which was oblate to peroblate with relatively short colpi. Sexine ornamentation ranged from striate (with parallel stripes) to reticulate (network), microechinate (with spines smaller than 1 mm, called echinate in the following for simplicity), rugulate (elongated irregular exine elevations), verrucate (wart-like irregular exine elevations) or psilate (smooth). Upon closer examination of these general exine types, more subtle differences can be observed; for example, among the echinate type there is Veratrilla with rather minute but dense spines, Swertia swertopsis with ridge-like spines, S. tashiroi and Swertia cuneata with irregular-shaped dense spines and several species of Lomatogonium with rather sparsely spaced spines. When mapped on the phylogenetic tree (Fig. 5) , it becomes apparent that these echinate pollen types probably originated independently from different non-echinate progenitors. Perforations of the exine ranged from almost absent and very small (punctate) to much larger than the surrounding walls in Gentianopsis crinita. Perforations were very often larger towards the equator of a grain. A beak-like exine protuberance over the orae was found in parts of Lomatogonium and related taxa.
DISCUSSION
Our discussion of the results follows more or less the branching order of the best currently available phylogenetic hypothesis (Fig. 5) starting from the root. This includes the polyphyletic genera; for example, we treat the 14 lineages of the genus Swertia (i.e. Swertia s.str., 12 other lineages plus Swertia of the mixed clade) independently at the respective phylogenetic position.
BASAL BRANCHES AND THE PLESIOMORPHIC POLLEN TYPE OF SWERTIINAE
Many early branching taxa of the sister group of Swertiinae, the Gentianinae, have subprolate pollen grains with a striate to striate-reticulate exine pattern, with some variation as regards the relative height and thickness of transverse walls in relation to the principal walls (Nilsson, 1967 (Nilsson, , 2002a . The putative most basal group of Swertiinae (see Fig. 5 ) contains monospecific Obolaria with a reticulate exine pattern and monospecific Latouchea (Fig. 1A) with a dense and therefore unique echinate pattern. The only pollen evidence for the sister group relationship of both genera is the relatively small size of the pollen. A reticulate type is also found in Gentianopsis/ Pterygocalyx (Fig. 1B) as the second-most basal clade (although weakly supported with molecular data). Different kinds of the striate-reticulate pollen type reminiscent of the outgroup are found in the only distantly related Gentianella s.str., Halenia, different parts of Swertia and Veratrilla (Table 2) . Unfortunately, the more basal relationships of Swertiinae are not well supported or unresolved. Nevertheless, the best possible reconstruction of pollen types along the lower branches (including the outgroup) suggests that a striate-reticulate exine pattern (with emphasis on the reticulate side) is plesiomorphic for the Swertiinae and that other patterns were derived from this state.
Bartonia (c. four species) was considered to be related to Obolaria based on morphological similarities such as tetramerous flowers, mycotrophic habit and imbricate aestivation, a rare trait in the Swertiinae . Therefore, the considerable phylogenetic distance between both genera found in the molecular analyses was not expected. We now have found that the pollen of Bartonia virginica and Obolaria virginica is similarly reticulate and the grains are relatively small for Swertiinae (size classes 1 and 2). Such pollen similarities have been pointed out previously by Nilsson & Skvarla (1969) . However, these authors also observed comparable small pollen in other unrelated mycotrophic genera; for example, Cotylanthera Blume and Voyriella (Miq.) Miq., so the pollen and other morphological similarities between Bartonia and Obolaria have to be explained by parellelisms.
THE CLOSE RELATIONSHIP OF GENTIANOPSIS
AND PTERYGOCALYX The exine structure of the Asian Gentianopsis blepharophora is homogeneously reticulate across the complete surface of the pollen and resembles more that of Pterygocalyx volubilis (Fig. 1B) than that of the North American G. crinita (Fig. 1C) . The latter species has ring-shaped walls which are not fused with those surrounding the adjacent lumina. Additionally, pollen of G. crinita displays numerous processes inside the lumina and the grains can be 4-colporate, which has never been observed in other taxa. According to molecular results ; but see Chen & Ho, 1998 for the opposite opinion), the monospecific Pterygocalyx (distributed in Asia) seems more closely related to Old World G. ciliata and G. blepharophora than to Gentianopsis from North America (e.g. G. crinita). In addition, and in contrast to the opinion of Ho & Pringle (1995) , P. volubilis also has epipetalous nectaries similar to those of Gentianopsis (pers. obs., first reported here). In summary, palynology, molecular data, flower and seed morphology (Chassot et al., unpubl. data) either suggests that Gentianopsis is paraphyletic in relation to Pterygocalyx or that Pterygocalyx and the Asian species of Gentianopsis share many plesiomorphic characters. The only differences remaining are the twining habit and the extremely narrow calyx lobes of Pterygocalyx and these are best interpreted as autapomorphies.
SWERTIA GROUPS IN THE BASAL GRADE
The type species of Swertia, the circumpolar Swertia perennis and all of the related Swertia species from Asia and Africa documented here and in the literature have striate-perforate, striate-reticulate or reticulate pollen grains and mostly are of prolate shape. This is more or less the plesiomorphic pollen type of Swertiinae and not a synapomorphy. Therefore, the exine pattern alone does not support the Swertia s.str. group.
Swertia tashiroi (Swertia 1) was put near Swertia bimaculata (Swertia 3) and related species (Swertia 4) by Shah (1990 Shah ( , 1992 and Ho et al. (1988) , from which it differs mainly by single nectaries per corolla lobe and an echinate seed coat (Wang & Lu, 1998) . According to molecular results, this species is not related to S. bimaculata but rather with Bartonia (with low bootstrap support) and currently is best interpreted as an independent lineage (Swertia 1) long separated from other taxa. Pollen morphology also supports this view, because S. tashiroi (Fig. 1D ) has echinate pollen grains, whereas the pollen of S. bimaculata and related species (e.g. Swertia tetraptera, Fig. 1E ) is striate to reticulate and the pollen is also different from the reticulate pollen of its putative closest but still distant relative Bartonia.
Swertia swertopsis was placed in a monospecific group by Shah (1990 Shah ( , 1992 and forms an independent lineage (Swertia 2) of unresolved and distant relationships in molecular analyses. The tectum of its pollen is punctate to slightly perforate (Fig. 1F) and covered with minute spinules or short, sharp ridge-like processes. Congruent with its isolated position, this pattern seems unique for Swertia and for Swertiinae.
FRASERA POLLEN IS RATHER HOMOGENOUS BUT NOT UNIQUE
The status of Frasera traditionally is the most controversial of all the taxa segregated from Swertia (arguments are summarized in Pringle, 1990; Shah, 1990 Shah, , 1992 Chassot et al., 2001) and it was suggested by Nilsson (2002a) that pollen data may be useful in assessing the phylogenetic position and appropriate taxonomic rank of Frasera. The species of this genus are pollen morphologically rather homogeneous with a densely striate-perforate, occasionally somewhat regulate, exine (Table 2, Fig. 1G ). Only Frasera umpquaensis, which is not basal in Frasera (Chassot et al., unpubl. molecular results) , deviates from this pattern with an exine coarsely reticulate and thickened and smooth at the colpus margin (Fig. 1H) . Frasera forms a monophyletic lineage in the molecular phylogeny, but its affinities with other members of the Swertiinae are not well resolved. The striateperforate pattern also occurs in some species of Swertia s.str. and (seen separately) is not an additional support for the recognition of Frasera at generic level.
THE POLLEN OF HALENIA AND RELATED

SWERTIA GROUPS
Halenia consists of 39 species and has close phylogenetic affinities with two small lineages of Swertia (Swertia 3 and 4). These have pollen ( Fig. 1E ) with rather broad and rounded lirae and a sparsely perforate tectum. Their pollen is very similar with Halenia elliptica pollen which is the most basal species of Halenia. This pattern is rarely observed in other Swertiinae and never in more derived species of Halenia. Therefore, this can be counted as palynological evidence for a close relationship as strongly suggested by molecular data. Nilsson (1967) recognized two very different pollen types in the genus Halenia. The one pattern (with two intergrading subtypes) observed in several species was a reticulate exine with some variation of wall size and thickness. The grains were of subprolate shape with long colpi. The other type was confined to Halenia corniculata. Its pollen was almost psilate (smooth) and only slightly perforate and grains were oblate with short colpi. Both types were also found here ( Fig. 2A, B and Table 2 ). We have found a third pollen type in Halenia rhyacopila (Fig. 2C) which was rugulate and only weakly perforate. This strong pollen variation found in the few Halenia species analysed to date seems promising for a more complete future analysis aimed to elucidate interspecific relationships which are only partly known in Halenia based on gross morphology or molecular data (Hagen & Kadereit, 2003) .
RELATED TO CLADE A Clade A is defined by chromosome numbers of X = 8, 9 or 10 (Fig. 5) , but there are several Swertia lineages closely related or sister to clade A which have chromosome numbers typical for the basal grade. Our observations on the more basal lineages of these POLLEN OF SWERTIINAE 337 (Swertia group 5, 6 and 7) show that the progenitors of clade A probably also possess the typical reticulate to striate-reticulate exine plesiomorphic for Swertiinae because this pattern was present in Swertia patula (Swertia 6) and Swertia decora ( Fig. 2D ; Swertia 7). The pollen in Swertia rosularis ( Fig. 2E ; Swertia 5) as the third species analysed was striate and punctate only and seems more derived.
An interesting series of different exine patterns was observed in the direct sister group of clade A (Swertia group 8). Swertia membranifolia (Fig. 2F) has rather small pollen with a slightly indistinct striatereticulate pattern still reminiscent of the plesiomorphic type but the lirae are rather broad and unusually flat. Similar pollen was also observed for the closely related species Swertia chirayita and Swertia lurida (Nilsson, 1967; Shah, 1990 Shah, , 1992 . The lirae of Swertia hookeri (Fig. 2G) are even broader and rise and fall in irregular intervals, resulting in a rugulate punctate exine. This trend is continued in Swertia multicaulis (Fig. 2H) , where any traces of lirae are finally lost, the exine is rather smooth with some irregular elevations and only very few perforations are visible. A more complete sampling and a better resolved phylogeny would be necessary to judge whether or not pollen evolution truly followed this conspicuous scenario.
Swertia handeliana was placed in a monospecific group by Shah (1990 Shah ( , 1992 and its molecular phylogentic position has not yet been determined. Its pollen has been analysed by Nilsson (1967) . A detailed comparison reveals that it has very similar rugulate to almost smooth pollen as S. multicaulis (Swertia 8). Moreover, both species share tetramerous flowers with single nectaries and a smooth seed coat. Therefore, pollen morphology and some other data seem to support a close relationship of S. handeliana with S. multicaulis. SWERTIA GROUPS 9-11 FROM CLADE A The pollen of Swertia group 9 can also be derived from the plesiomorphic reticulate to striate-reticulate pollen type. Swertia ciliata has a striate-reticulate type but reticulation is comparably weak only. This trend seems more pronounced in Swertia laticalyx and Swertia teres (Fig. 3A) where the pollen is striate with few perforations only.
The pollen of Swertia group 10 is well known because it mainly consists of African species with echinate pollen that have been documented by Hedberg (1957) , Nilsson (1967) and, more extensively, by Jonsson (1973) [but see Nemomissa, (1994) for misidentified material in the last]. Most significantly, we have found that the single sister species of the African clade in the molecular phylogeny, the Asian S. cuneata (Fig. 3B) , shares a similar echinate pollen type and thus supports this biogeographically far disjunct and therefore rather interesting relationship (Swertia group 10). Swertia minor from western India was not analysed with molecular markers yet but it could possibly also belong here, as it has similar echinate pollen (Fig. 3C) , a smooth seed coat and a corresponding chromosome number of 2n = 20 (Mallikarjuna, 1985) . It has to be noted, however, that, in contrast to our results, Rao & Nagaraj (1982) reported a striate-reticulate pattern for S. minor. This contradictory finding seems difficult to explain but might be based on a misidentification.
The pollen of S. macrosperma ( Fig. 3D ; Swertia group 11) and S. piloglandulosa (Fig. 3D) is verrucate punctate and has very short colpi only which is rather special for Swertiinae. The phylogenetic position of S. piloglandulosa has not yet been determined with molecular markers but the similar pollen and the extremely few seeded capsules (Bouman et al., 2002) suggest a close relationship with S. macrosperma. It seems worthwhile to report that in both species pollen grains were frequently connected to other grains (see Fig. 3D ), a feature that we did not observe in any other taxon. The connection of grains does not seem to be especially strong and the pollen might have been collected from immature anthers. Another possibility was that these are the only examples in Swertiinae for pollen dispersed as tetrads. To date, this is only known from distantly related tribes of the Gentianaceae (Nilsson, 2002b) , but should be rechecked in other Swertia 11 specimens in the future. THE POLLEN OF GENTIANELLA S.STR., JAESCHKEA S.STR. AND SWERTIA GROUP 12 Gentianella s.str. is defined by the possession of only one sometimes bilobed nectary per petal lobe (Hagen & Kadereit, 2001 ; Gentianella aurea, Gentianella rapunculoides, Gentianella turkestanorum and Gentianella wislizenii in our sample) and its pollen ranges between striate-perforate, striate-reticulate, reticulate and indistinctly regulate-perforate (Table 2 ; Nilsson, 1967 Nilsson, , 2002a . It seems significant that G. turkestanorum as the earliest branching uninectariate species included here (see Hagen & Kadereit, 2001 ) has the plesiomorphic pollen type of Swertiinae, thus the other variation should be interpreted as derived. Gentianella is the largest genus of Swertiinae and our sampling was not sufficient for intrageneric conclusions. Note, however, that Nilsson (1967) reported that Australian/New Zealand and selected South American species of Gentianella had similar pollen and an origin of the Australian/New Zealand lineage from South America is also suggested by other observations (Hagen & Kadereit, 2001 ).
The three species of the relatively large Swertia group 12 examined ( Fig. 3E ; Swertia davidi, Swertia binchuaensis, Swertia striata) have striate-reticulate to striate-imperforate pollen. There seems to be a trend towards dense striation within Swertia group 12, but a putative sister group relationship with Gentianella s.str. is neither supported nor denied by exine variation because parts of both groups do not deviate from the plesiomorphic type. The same seems true for the two species of Jaeschkea s.str., where plesiomorphic striate-reticulate (in Jaeschkea canaliculata examined by Nilsson, 2002a) or reticulate to rugulate pollen (in Jaeschkea oligosperma) was observed. All species with plesiomorphic striate-reticulate pollen of Gentianella s.str., Jaeschkea s.str. and Swertia group 12 have comparably straight lirae and this could be accounted as weak support for their close relationship.
ABUNDANT HOMOPLASY IN LOMATOGONIUM
AND RELATED TAXA
The last major group not yet discussed consists of several clades where the exact relationships between four subgroups have, to date, not been resolved by molecular data. The groups were similarly found in a previous analysis and are very well supported in the molecular data but are partly inexplicable from a morphological point of view. These were first Lomatogonium s.str. 1 with many species, second Lomatogonium 2, Gentianella angustiflora and Comastoma, third our so-called 'mixed clade' consisting of three Swertia species, Gentianella azurea and at least two Lomatogonium species and, fourth, most binectariate species of Gentianella and Jaeschkea microsperma. We have included several representatives of all groups in our pollen sampling and almost all species of Lomatogonium have been analysed before (Nilsson, 1967; Liu & Ho, 1992) . Unexpectedly, pollen also was in strong conflict with the molecular phylogeny.
Within Lomatogonium s.str. 1 (Fig. 3F) , pollen varies from densely striate or reticulate to sparsely echinate and many species have sexine protrusions over the ora. Echinate pollen was also found in Lomatogonium gamosepalum (Fig. 3G) and Lomatogonium brachyantherum (Liu & Ho, 1992) which, however, are from Lomatogonium 2 and seem more closely related with Comastoma. Echinate pollen is not present in Comastoma itself (Table 2; see Nilsson, 1967 for more extensive sampling of Comastoma) and not in Gentianella angustiflora (Fig. 3H) , Lomatogonium graciliflorum and Lomatogonium sikkimense (both Lomatogonium 2 in the molecular data). All these have more or less reticulate pollen. Within the mixed clade, two species of Swertia (Swertia yunnanensis, Swertia tenuis; Fig. 4A, B) and Lomatogonium oreocharis (Fig. 4C ) possess a sparsely spaced echinate pollen. It should also be noted that there is an extreme similarity between the pollen of L. oreocharis (mixed clade) and Lomatogonium forrestii (Lomatogonium 1; see Liu & Ho, 1992) . In strong contrast, the pollen is striate-perforate or striate-reticulate in the two other species of the mixed clade (Swertia hispidicalyx, Gentianella azurea; Fig. 4D, E) . Thus, the distribution of the very conspicuous echinate vs. other pollen types does not support the molecular phylogenetic relationships. Unfortunately, pollen variation does not follow the flower morphological characters traditionally used for the delimitation of genera either. Therefore, the evolution of the exine variation cannot be explained convincingly here.
The grouping of the remaining binectariate Gentianella species and Jaeschkea microsperma (Fig. 4F , G, H; Table 2 ) receives weak to intermediate pollen support because the clade can be defined by clearly striate pollen, with the exception of Gentianella moorcroftiana (Fig. 4G) where pollen is reticulate to weakly striate only. Among these, the pollen of Gentianella arenaria (Fig. 4H) is somewhat special because it has sharp and dense striae which are cross-hatched, a pattern unique for Swertiinae. In this context, it must be mentioned that, based on nuclear internal transcribed spacer (ITS) data, the position of G. arenaria and the similar Gentianella pygmaea (Regel & Schmalhausen) Harry Sm. is very distant from the position discussed here. Strangely enough, they would have to be placed somewhere in the lower grade (see , while chloroplast data put it to the other binectariate species with high support. The latter place is more reasonable considering the morphological data available, including the exine pattern analysed here, but the partly contradicting evolutionary history of G. arenaria should be kept in mind.
We cannot discuss the puzzling morphological evolution of Lomatogonium and related taxa in detail here. It is noticeable, however, that, similar to pollen morphology, the sectional classification of Lomatogonium based on stigma and ovary shape, the number and structure of nectaries and habit (Liu & Ho, 1992) is in strong contrast to the molecular subgroups. The same is true for S. hispidicalyx from the mixed clade. Morphologically, this species seems closely related to our Swertia group 9 (see Shah, 1990 Shah, , 1992 and, interestingly, this is also supported by pollen morphology (Figs 3A, 4B ; pollen grains striate-perforate with sharp lirae and branched bacula). The other two Swertia species from the mixed clade, S. yunnanensis and S. tenuis, each have unique flower morphological character combinations (Shah, 1990 (Shah, , 1992 and no POLLEN OF SWERTIINAE 339 better phylogenetic position can be suggested using the new pollen morphological characters. In summary, we found several contradictions between all types of data available (molecular, flower morphology, pollen surface). Our last-resort explanation for these strange but strongly supported molecular relationships of taxa around Lomatogonium is ancient hybridization which blurred the true phylogeny, but this hypothesis is far from proven yet.
EVOLUTION OF EXINE PATTERNS: A SUMMARY
There seem to have been three general pathways of pollen evolution in Swertiinae, which were probably realized repeatedly and independently in different groups (see Fig. 5 ). Assuming a striate-reticulate pattern as plesiomorphic for most of Swertiinae, the one trend was to lose the striae completely and become reticulate only (transversal and longitudinal walls become equal in many groups or species). This was sometimes followed either by an extreme enlargement of the lumina (ring-shaped reticulation of Gentianopsis crinita) or by the broadening of walls which produced a rugulate, perforate or punctate or even smooth exine (e.g. trends within Halenia or Swertia 8). The second trend in Swertiinae, starting from a striate-reticulate pattern, was probably to become striate only (transversal walls are diminished). In some unrelated taxa, the striae became very dense and the perforations increasingly scarce (e.g. in parts of Frasera, binectariate Gentianella and Swertia 9). The third exine trend was to become echinate. This probably happened several times independently by the irregular loss of walls starting from a striate or reticulate pollen and resulted in different patterns with densely or sparsely arranged spines or ridges of different height and shape (Latouchea, Lomatogonium and related taxa, S. tashiroi, S. swertopsis, S. cuneata) .
Pollen size was not randomly distributed along the phylogeny (Fig. 5) and closely related species typically had pollen grains of similar size. Nevertheless, variation in grain size was present in many lineages, which prevents its use to support major relationships of the phylogeny.
In summary, some palynological features were found to be in agreement with molecular results in selected clades. Nevertheless, the exine sculpture was not suitable to unambigously characterize several genera or lineages because of insufficient variation or preservation of plesiomorphic pollen types. Neither did it bring badly needed additional support for several intergeneric relationships for the same reason (e.g. relationship of Gentianella s.str. with Swertia lineage 12 or support for clade A) and it even contradicted molecular results (e.g. relationships of Lomatogonium and other taxa). It will be interesting to see whether detailed studies on other morphologial characters will uncover additional information and thus help to solve the still existing phylogenetic riddles of Swertiinae. We believe that only then it will be reasonable to circumscribe new genera out of the polyphyletic traditional genera of Swertiinae.
